1. Widespread degradation of tropical forests is caused by a variety of disturbances that interact in ways that are not well understood.
| INTRODUC TI ON
Disturbances shape the structure and affect the dynamics of tropical forests (Attiwill, 1994; Brando et al., 2014; Negrón-Juárez et al., 2010; Trumbore, Brando, & Hartmann, 2015) . By killing and damaging trees, they alter forest carbon stocks and fluxes (Espírito-Santo et al., 2014; Vanderwel, Coomes, & Purves, 2013) , diversity and composition (Marra et al., 2014) , and the spatio-temporal variability of forest dynamics (Chambers et al., 2013; Vanderwel et al., 2013) . In the Amazonia Basin alone, wind disturbances are estimated to cause temporary reductions in above-ground forest biomass of ~1.7 Pg/year (Espírito-Santo et al., 2014) . While forests in this region have experienced droughts, fires, and windstorms for millennia (Cole, Bhagwat, & Willis, 2014; Ledru, 2001; Mayle et al., 2008) , disturbance regimes are now changing in response to climate and land-use change (Duffy, Brando, Asner, & Field, 2015; Emanuel, 2013; McDowell et al., 2018) .
There is growing evidence that a strong shift in disturbance frequency, intensity, and extent could push the Amazonia region into an alternate state (Brando et al., 2014; Emanuel, 2013; McDowell et al., 2018) , potentially releasing to the atmosphere a large part of the ~120 Pg of above-ground forest biomass that remain in the pan-Amazonia intact forests (Mitchard et al., 2014) .
Windstorms are among the most common natural forest disturbances in Amazonia (Chambers et al., 2013; Espírito-Santo et al., 2014; Marra et al., 2014; Negrón-Juárez et al., 2010; Rifai et al., 2016) . Downbursts associated with convective systems that produce strong vertical descending wind gusts are particularly noteworthy because their effects range from the breakage of individual branches or single treefalls to blowdowns of thousands of hectares (Garstang, White, Shugart, & Halverson, 1998; Nelson, Kapos, Adams, Oliveira, & Braun, 1994) . For example, a squall line that moved from SW to NE Amazonia in 2005 damaged extensive forested areas (Negrón-Juárez et al., 2010) especially in central Amazonia, although the number of damaged trees remains uncertain (Araujo, Nelson, Celes, & Chambers, 2017) . Wind impacts on closed forest canopies are known to vary with storm strength (Canham, Thompson, Zimmerman, & Uriarte, 2010) , topography (de Toledo, Magnusson, Castilho, & Nascimento, 2012; Rifai et al., 2016) , and tree structural characteristics such as wood density (Putz, Coley, Lu, Montalvo, & Aiello, 1983; Rifai et al., 2016) , whole-tree flexibility (Asner & Goldstein, 1997) , height-diameter ratio (Hurst, Allen, Coomes, & Duncan, 2011) , and size (Rifai et al., 2016) . Depending on how these variables interact during a windstorm event, tropical trees can have their crowns damaged, trunks snapped, or roots pulled from the ground (uprooted).
Deforestation could amplify the effects of windstorms on
Amazonian forests via several mechanisms. Firstly, forest clearing for pasture and cropping changes local convective circulation patterns and results in strong advective winds near forest edges (Bull & Reynolds, 1968; Durieux, Machado, & Laurent, 2003; Jiao-jun, Xiu-fen, Yutaka, & Takeshi, 2004; Mahmood et al., 2014; Weaver & Avissar, 2001) , increasing overall wind stresses on trees near edges (Bull & Reynolds, 1968) . Secondly, large trees exposed along recently created forest edges have few adaptations to resist strong winds (Holbrook & Putz, 1989) . Thus, windstorms are expected to be most damaging to trees growing along edges of recently cleared fields (Laurance & Curran, 2008) . In southeastern Amazonia, forest edges (i.e., <200 m from an open agricultural field) now account for ~12% of the remaining forests (Brando et al., 2014) . As deforestation increases the fragmentation of intact forests over increasingly large areas (Hansen et al., 2013; INPE, 2016) , wind-related disturbances can be expected to increase. For example, Schwartz et al. (2017) showed that forest degradation by fragmentation and windstorms has already degraded large tracts of forests.
Fires modify forest structure and filter some traits that may change residual tree vulnerability to wind damage. For example, fires tend to kill trees with low wood density and thin bark (Brando et al., 2012) , thereby filtering out trees that are more susceptible to wind damage. On the other hand, forest fires may amplify the effects of windstorms on tropical forests by damaging trunks and thus compromising tree stability. Such a process could help explain the delayed postfire mortality of large trees observed in various tropical forests (Baker, Bunyavejchewin, & Robinson, 2008; Barlow, Peres, Lagan, & Haugaasen, 2003) . Apart from damaging tree trunks, forest fires are expected to increase wind-related damage by decreasing canopy cover (Balch et al., 2008) and thereby increasing the torque that wind exerts on individual crowns (Garstang et al., 1998) .
Furthermore, reductions in tree density leading to changes in root systems and consequently in tree-anchoring capacity (Hurst et al., 2011) may increase residual tree proneness to uprooting.
Forest fragmentation, fires, and windstorms each cause some level of forest disturbance in Amazonia (Brando et al., 2014; Broadbent et al., 2008; Chambers et al., 2013; Haddad et al., 2015; Negrón-Juárez et al., 2010) , but if they act synergistically, the impacts on forest structure, dynamics, and carbon stocks could be amplified.
Most of the current understanding on the effects of wind disturbances on Amazonia forests derives from studies that quantified the killing trees but also by increasing tree vulnerability to wind damage due to fire scars and a more open canopy.
K E Y W O R D S
Amazonia, biomass loss, fire scar, forest degradation, forest dynamics, tree mortality, windstorms spatial extent of blowdown events using remote sensing imagery (Chambers et al., 2013; Espírito-Santo et al., 2014; Negrón-Juárez et al., 2010) or from postdisturbance field inventories, which often lag the windstorm event by many months or years (Marra et al., 2014; Schwartz et al., 2017) . While these studies have shown that wind disturbance exerts strong influences on the structure and diversity of tropical forests, they often lack mechanistic approaches to understand how forests respond to synergistic interactions between windstorms and other forest disturbances.
In this study, we address the knowledge gap of how the combined effects of fragmentation, fire, and windstorms affect tree mortality and above-ground biomass in a southeastern Amazonian forest. Our study area was subjected to experimental surface fires from 2004 to 2010 during the dry-season peak. The initial experimental fires caused lower-than-expected alterations in forest structure and diversity (Balch et al., 2008) , with leaf area index (LAI) decreasing by only 20% and mortality rates increasing by only 3% compared with an unburned Control. However, recurrent fires that coincided with the droughts of 2007 and 2010 killed a high proportion of trees. For instance, we observed the mortality of 33%-84% of trees with diameter at breast height >10 cm growing near the neighbouring agricultural field. We also observed more fire-induced tree mortality in the plot burned every 3 years (B3yr) than in the one burned every year (B1yr) (Brando et al., 2014) . In response to the more intense fires in drought years, above-ground biomass in the burned plots was reduced to 49%-55% of the Control plot, creating opportunities for grasses to invade along much of the forest edge (Brando et al., 2014 (Brando et al., , 2012 Silverio et al., 2013) . In general, fire effects were most severe for small trees as well as for those with low wood density and thin bark (Brando et al., 2012) . Thus, postfire communities contained more large trees with high wood density and thick bark.
Our plots, which border an agricultural field, were inventoried 1 month before and 1-4 days after a major windstorm event-a unique opportunity to evaluate the effects of wind on tropical forest structure. We hypothesized that tree vulnerability to wind damage is higher along forest edges than in forest interiors. We also hypothesized that more trees in the burned plots would be susceptible to wind damage due to fire scars and modified forest structure even though burned forests have more trees with high wood density that should render them more resistant to wind damage. We also predicted that the likelihood of wind damage was higher among larger and more exposed trees, which tend to experience stronger windrelated torque.
| MATERIAL S AND ME THODS

| Study area and experimental design
This study was conducted in a forest located in the southern portion of the Amazonia Basin (13°04′ S, 52°23′ W; Figure 1 ). We quantified the effects of a windstorm that occurred on October 25, 2012 and affected an experimental forest that borders an agricultural field with three 50-ha permanent plots: one unburned (Control), one burned every year (B1yr), and one burned every 3 years (B3yr) between 2004 and 2010 ( Figure 1a ; see details in Balch et al., 2008) .
The agricultural field facing the experimental plots was used as pasture for over 20 years until 2007, when it was converted into a soybean field.
Annual precipitation in our study area averages 1,700 mm and is concentrated during the October-April wet season. The annual temperature averages 25°C with 71% relative humidity. The studied windstorm occurred on October 25, 2012, lasted for 30 min, and was witnessed by DS and PB. During the half hour in which the event lasted, the average air temperature and relative humidity recorded at a weather station 1 km from the experimental plots averaged 27.5 ± 1.3°C and 94.9 ± 6.1% respectively (±CI). The average wind speed was 52 km/h (maximum speed was not recorded) and wind direction was from 16 ± 15° (±CI) (Figure 1b ). Based on the Beaufort scale, which is an empirical measure of wind speed according to observed effects of wind on land, including snapped and uprooted trees (Huler, 2004) we estimated the maximum wind speeds to be above 90 km/h. At the site, total precipitation on the day of the storm was 76 mm. Daily precipitation across the region was 83 mm (as estimated from the Tropical Rainfall Measuring Mission; Supporting Information Figure S1 ), which suggests that the studied storm was not restricted to our field site.
| Airborne LiDAR surveys to quantify forest structural changes
We used two airborne LiDAR surveys, one from before (April 2012) and another 2 years after the studied windstorm (October 2014).
Airborne LiDAR data were collected by the GEOID Ltda Company as part of the Sustainable Landscapes Brazil, a joint project of the Brazilian Corporation of Agricultural Research (EMBRAPA) and the United States Forest Service (USFS). The study area was flown at an average altitude of 850 m a.s.l. and a total area of approximately 1,005 ha was covered. An Optech ALTM-3100 laser scanner was used in 2012 and an Optech ORION-09SEN243 in 2014; average return densities were 13.7/m 2 in 2012 and 41.05/m 2 in 2014. The original LiDAR dataset and associated metadata are freely available on https://mapas.cnpm.embrapa.br/paisagenssustentaveis/. Full-and reduced-density datasets were processed to generate the Canopy Height Model (CHM) above-ground raster layers at 1-m resolution.
CHM products were generated using the G-LiHT algorithm (Cook et al., 2013) by selecting the highest LiDAR return in every 1-m grid cell, building a triangulated irregular network (TIN) based on these points, and interpolating canopy heights on a 1-m raster grid.
| Quantification of individual tree damage and mortality
Our quantification of wind-related impacts on forest structure and tree mortality was based on three forest transect inventories:
(a) a prewindstorm inventory (conducted between 1 August and 15 September, 2012) in which all trees on six transects crossing the three fire treatment plots were recorded (detailed below); (b) a postwindstorm inventory of tree damage on the same transects conducted 1 hr after the windstorm; and (c) a postwindstorm inventory conducted 4 years after the windstorm (2016) to evaluate tree survival. In the pre-and poststorm inventories, we recorded all trees ≥10 cm DBH (diameter at breast height, 1.3 m) along six 1,500-mlong transects, 4 m and 18 m wide for trees 10-20 cm DBH and >20 cm DBH respectively. The transects ran parallel with the edge of the agricultural field at 10, 30, 100, 250, 500, and 750 m in from the edge. In each experimental plot we sampled 1.2 ha and 5.5 ha for trees 10-20 cm DBH and >20 cm DBH respectively (Figure 1 ).
During the second forest inventory conducted shortly after the windstorm, we recorded damaged trees as: (a) snapped, when the trunk was broken above-ground but below the crown; (b) uprooted, when trees were completely toppled leaving roots exposed; and, (c) crown damaged, when trees lost more than 50% but less than their entire crown (Chambers, 2001; Marra et al., 2014; Ribeiro et al., 2016) . We also recorded whether trees were directly affected by the windstorm or damaged by the fall of other trees. Four years after the windstorm (2016) we recorded whether trees assigned as damaged in our second inventory were dead or had resprouted. For each tree recorded in the first forest inventory we assigned a wood density value (Chave et al., 2006; Nogueira, Fearnside, Nelson, & França, 2007) , measured the distance from the agricultural field edge, and quantified the number of live trees within a 20 m radius (estimated based on the LiDAR-derived canopy height model as detailed next).
For species for which wood density data were not available (28%), we employed the mean wood density of congeneric species occurring in our study region.
We estimated the number of neighbours for each of the recorded trees with the 2012 LiDAR-derived CHM by using crown coordinates around each focal individual. We used a local maxima crown threshold was the intercept of a linear regression between tree height (estimated using the LiDAR measurements) and DBH for each plot (i.e., the intercept for a 10 cm DBH tree).
| Statistical analyses
We tested our hypotheses with GLMs with binomial distributions and considered each type of damage in a different model. With this approach, we used the presence of damage on individual trees as a response variable to assess how the probability of wind damage varied with fire treatment (i.e., Control, B1yr, and B3yr), distance from the forest edge, tree size, wood density, and the number of neighbours within 20 m of a focal tree. We fit a global model using R (R Core Team, 2016) and assessed the importance of each predictor through a model selection procedure. We selected the most parsimonious models based on the Akaike information criterion (AIC) value (i.e., the lower the better, Supporting Information Tables   S1 and S2 ; Zuur, Ieno, Walker, Saveliev, & Smith, 2009 ). Numeric predictors from the final models were not colinear (all r < 0.52; Table S3 ).
Supporting Information
We tested for spatial autocorrelation (SA) in the model residuals using the Moran's I test and, when significant, we included the Moran eigenvector filters to remove SA from model residuals (Dray, Legendre, & Peres-Neto, 2006 Moran's I values range from +1.0 to −1.0, with values closer to +1 indicating clustering, and those closer to −1.0 indicating dispersion (Cliff & Ord, 1981) . To correct for SA, when found, we used the Moran eigenvector filtering (Dray et al., 2006; Griffith & Peres-Neto, 2006) , calculated by the ME function in the R-package spdep (Bivant et al., 2016) . This procedure calculates eigenvectors that, when added to the GLM, reduce residual autocorrelation below the specified alpha value (Bivant et al., 2016; Griffith & Peres-Neto, 2006) .
We selected those eigenvectors that reduced residual autocorrelation below alpha = 0.05, and included these vectors as covariables in the best models, to remove SA.
To estimate the above-ground biomass before and after the windstorm, we employed a tree biomass estimation model that uses tree height, wood density, and DBH as predictors (Chave et al., 2005) . The individual tree biomass predicted from the model were summed to yield stand values. We compared relative snapping heights between intact and fire-scarred trees with a Student's t test, and between the experimental plots (Control, B1yr and B3yr) with one-way analysis of variance (Zar, 1999) . Throughout the text, we report means of measured attributes followed by confidence interval (±CI).
We used the pre-and poststorm LiDAR datasets to scale up our results from the transects to the entire experimental area. We used the CHMs derived from 2012 and 2014 campaigns to evaluate changes in canopy height, density, and size of canopy gaps. To calculate changes in canopy height, we subtracted the 2012 CHM from the 2014 CHM.
We then evaluated the cumulative frequencies in height and the areas ( Figure 1b ) that experienced >5 m canopy height reductions. We used two approaches to estimate the number and size of gaps in the fire experiment. In both approaches, we applied the PatchStat function (R package SDMTools) that calculates patch statistics (VanDerWal, Falconi, Januchowski, & Storlie, 2015) . In the first approach we used the 2012 and 2014 CHMs separately, which allowed us to quantify possible increases in the gap fraction. We considered gaps >5 m 2 , with gap defined as an area where the canopy height was ≤10 m (see, Hunter et al., 2015) . In the second approach, we applied the same gap-size threshold but only considered height reductions >10 m. We also used this second approach to evaluate changes in the number and area of gaps according to the edge distance for the three experimental plots and across all LiDAR transects bordering the agricultural field (Supporting Information Figure S7 ).
| RE SULTS
| More snapping than uprooting
The windstorm affected 11% of the trees, of which 70% were snapped, 20% were uprooted, and 10% suffered major crown loss (Figure 2a ). Of the damaged trees, 75% were directly damaged by the wind and 20% were struck by other trees (i.e., indirectly damaged). The predominant orientation of fallen trees (212 ± 33° to the magnetic north) aligns well with direction from which wind blew during the storm (196 ± 15°; Figure 1b ). Among the 19 most common genera in our study area, Tapirira (Anacardiaceae), with individuals uniformly distributed across the plot (Supporting Information Figure   S5 ), suffered the highest mortality rate and most damage (Figure 2b; 25% of the individuals snapped, uprooted, or crown damaged). In contrast, Protium (Burseraceae) and Chaetocarpus (Peraceae) were the least affected, with <5% of the individuals damaged (Figure 2b ).
| More tree damage in previously burned areas
Although the storm damaged more trees in the unburned Control (184 trees) than in the burned plots (102 trees in B1yr and 78 trees in B3yr; Figure 2a ), proportionally more trees were damaged in experimentally burned areas (B1yr: 12.7 ± 9.1%; B3yr: 17.4 ± 13.2%) than in the Control (8.3 ± 4.5%). For example, tree snapping in B1yr
and B3yr averaged at 9.5% and 10.4%, respectively, whereas in the Control it averaged at only 5.6%. Also, more trees were uprooted in B3yr (6%) than in the other two treatment plots (B1yr: 1.9%; Control:
1.7%). Crown damage did not differ among the plots (Figure 2a ).
Our results indicate that the presence of fire scars on tree trunks influenced the susceptibility of trees to snapping. More of the snapped trees in the burned plots had fire scars (B3yr = 70%; B1yr = 69%) than the uprooted ones (B3yr = 45%; B1yr = 25%). Also, the heights at which trees snapped were ~3 m lower in the burned plots (B3yr = 3.4 ± 0.6 m; B1yr = 3.3 ± 0.5 m) than in the Control (6.0 ± 0.5 m), which reflects the heights of fire scars. On average, unscarred trees snapped near the middle of the trees' trunks (46% of total tree height; N = 148) but fire-scarred trees snapped 25% lower (21% of the total height; N = 83; t (117.1) = 2.97; p = 0.003). These results suggest that fire-damaged trees were more vulnerable to wind damage. The estimates of the GLM reinforce this notion; the presence of fire scars increased the probability of tree failure through snapping at any distance from the edge (Figure 3) .
Fire-scarred trees near the forest edge in B3yr or B1yr plots were 27%-34% more likely to be snapped than those without fire scars. Even firescarred trees >300 m from the edge were 9%-13% more likely to be snapped than those without fire scars (Figure 3 ). Although this pattern could be explained by a greater number of trees with fire scars growing along the forest edge than in the forest interior, the GLM showed that the interaction between fire scar and edge distance does not contribute to the solution fit (Supporting Information Table S1 ). Moreover, higher damage on the edge was consistent even for the Control plot that had no fire-scarred trees (Figure 3) . The proportions of fire-scarred trees damaged by the storm along the forest edge (0-200 m) averaged at 69%, versus 56% in the forest interior (>200 m).
Our final GLM models showed a weak spatial dependence on the residuals (Supporting Information Figure S8 ) and the Moran's I test was not significant for Canopy (I = −0.006; p = 0.74), but it was for Snapped (I = 0.09; p < 0.01) and Uprooted damage (I = 0.06; p < 0.01). Fourteen Moran eigenvector filters were selected for the Snapped and two for the Uprooted damage and were included as covariables in the best models to remove the spatial autocorrelation (Supporting Information Table S2 ). The residuals of final model including the filters were not correlated with space for Uprooted (I = 0.013; p = 0.08) or Snapped (I = 0.011; p = 0.1).
Four years after the windstorm, 71% of the trees that were physically damaged were dead and only 29% had resprouted. We observed differences in mortality among treatments, with a lower proportional mortality among wind-damaged trees in the Control plot (57%) than in the B1yr and B3yr (80% and 90% respectively). Crown damaged trees experienced the least mortality (Control = 22%; B3yr = 40%; B1yr = 60%), followed by those that were snapped (Control = 55%; B3yr = 94%; B1yr = 80%) or uprooted (Control = 88%; B3yr = 93%; B1yr = 94%).
| Higher vulnerability to wind damage of large and edge-exposed trees
The likelihood of a tree suffering wind damage increased substantially with DBH for all treatments and types of damage (Figure 4) . The probability of tree snapping and uprooting also increased with proximity to the agricultural field (Figure 3) . For uprooted trees, this relationship was stronger in B3yr (primarily) and B1yr (secondarily) than in the Control (Figure 3d ). Thus, a tree located in B3yr and close to the edge of the agricultural field was more likely to be uprooted than a tree located anywhere in B1yr or in the Control (Figure 3d ). In addition to the observed higher damage in the burned plots (particularly in B3yr) and among large trees (especially those close to the forest edge), our statistical models showed that trees with lower wood density and with less neighbours were also more likely to be damaged by the windstorm (Supporting Information Tables S1 and S2; Supporting Information Figure S2 ). The probability of a tree being uprooted or snapped decreased as a function of increasing wood density (Supporting Information Figure S3 ).
| Changes in vegetation height and aboveground biomass
The windstorm caused an immediate 15% decline of above-ground live standing biomass in the Control, with declines of 18% in B1yr, and 31% in B3yr (Table 1 ). In addition, our LiDAR-based estimates of gap formation between 2012 and 2014, showed that 3,500 new gaps >5 m 2 were formed in the three 50-ha plots. More new gaps Even though a large fraction of these new gaps (44%) was smaller than 15 m 2 (Supporting Information Figure S6 Figure S7 ). If only the nonburned forested portion of the LiDAR transect along the agricultural field is considered (265 ha), new gaps were also concentrated near the edge (Supporting Information Figure S7 ).
Our data suggest that most of the new gaps created between 2012 and 2014 were associated with the windstorm of 2012. The number and area of new gaps formed along our sampling transects (as estimated from LiDAR measurements) were positively correlated with the number of trees damaged by the windstorm (Supporting Information Figure   S4 ). However, because the second LiDAR survey was conducted 2 years after the windstorm, it is possible that the high number of gaps estimated with LiDAR overestimates the effects of the windstorm alone.
For example, annual tree mortality in the Control plot between 2005 and 2010 averaged at 4% (Table 1) . Thus, considering the windstorm damage in the Control plot (8.3% of trees) and that normal tree mortality between 2012 and 2014 was similar to the observed in previous years (4%), we can assume that at least 50% of the observed increases in gap number and area captured by the LiDAR dataset were caused by the windstorm.
| D ISCUSS I ON
We tested the overall hypothesis that forest fragmentation, fires, and windstorms interact synergistically to cause forest degradation.
The 30-min windstorm we studied caused more tree damage and F I G U R E 3 Probability of a tree being snapped as a function of distance from the forest edge and the presence of fire scars for the plot that was unburned (Control) (a), burned triennially (b), and annually (c), and the probability of a tree being uprooted for the three plots (d) as a function of distance from the forest edge based on logistic models. Shaded areas indicate 95% confidence intervals. Locations of damaged trees shown as small vertical lines above each graph with similar marks for undamaged trees below [Colour figure can be viewed at wileyonlinelibrary.com] F I G U R E 4 Wind damage probabilities as a function of DBH for the three plots (Control, annual burns-B1yr, triennial burns-B3yr) and for three types of damage: crown damage (a), snapped (b), and uprooted (c). Shaded areas indicate 95% confidence intervals. DBH (diameter at breast height) distribution of damaged trees are shown as small vertical lines above each graph with similar marks for undamaged trees below [Colour figure can be viewed at wileyonlinelibrary.com] death close to the forest edge, among large trees, and in previously burned areas. These results suggest that ongoing fragmentation and edge formation in tropical forests (Haddad et al., 2015; Hansen et al., 2013) can drive widespread forest degradation through increased vulnerability of standing trees to windstorms. Given that windstorm-related damage was highest in previously burned areas and for fire-scarred trees, forest degradation might also be intensified by changes in the climate through droughts that promote high-intensity fires (Brando et al., 2014; Duffy et al., 2015) . These synergies and interacting processes are still not represented in many models used to predict the future structure and composition of tropical forests (Fisher et al., 2010; Nepstad, Stickler, Soares-filho, Merry, & Nin, 2008; Powell et al., 2013) . Our results show that the inclusion of tree susceptibility to wind damage in such models could improve our understanding about the dynamics of old-growth and secondary Amazonia forests.
| Wind disturbance partially explains delayed tree mortality after fires
The effects of understorey fires on tropical forests may persist for several years due to delayed postfire tree mortality (Baker et al., 2008; Barlow et al., 2003) . Our results suggest that windstorms could punctuate this pattern of delayed mortality by increasing tree mortality rates in previously burned areas. Two fire-related processes could explain this pattern: first, fire-damaged tree trunks are structurally weaker and, consequently, more vulnerable to wind breakage; second, by thinning the forest canopy (Balch et al., 2008; Brando et al., 2014) , the fires increase the exposure of tree crowns to wind. Together, weakened tree trunks and more exposed crowns could cause higher rates of breakage in burned forests. By killing a large proportion of trees, our experimental fires may have also reduced tree anchorage provided by surface roots, given that trees with fewer neighbours were more prone to death by uprooting (Supporting Information Figure S2 ) than by snapping during the windstorm (Supporting Information Table S1 ).
Our results indicate that the windstorm caused more structural impacts on B3yr plot than the B1yr. This differential vulnerability to windstorms between treatment plots is probably related to the intensity and severity of previous fires. Specifically, the B3yr plot accumulated more fuel loads between fires than the plot B1yr.
Furthermore, the 2007 drought may have further increased fire intensity and severity by increasing air dryness and fuel loads. As a result, fires were more intense and severe in B3yr, particularly along the forest edge. Thus, there was a thinned forest canopy (only 143 trees/ha) in the B3yr plot compared to that of B1yr (234 trees/ha).
The B3yr plot had more gaps, and more uprooted and snapped trees than B1yr. These results indicate that areas subjected to high-intensity fires have a higher vulnerability to wind damage. It is important to note that because most wildfires across the region occur in extremely dry years, the 2007 fire event was probably more representative than the experimental fires conducted during nondrought years (Brando et al., 2014) .
| High mortality rates among large trees lead to substantial biomass losses
Although trees can become more mechanically stable as they grow (Ribeiro et al., 2016) , we found that large trees were disproportionately affected by the windstorm, as previously reported (Canham, Papaik, & Latty, 2001; Rifai et al., 2016) . In our experimental areas, the effects of previous fires on forest structure apparently intensified windstorm-related mortality of large trees. This pattern might be attributed to the fact that tall trees are more exposed to wind and have larger crowns that together increase the strain on the root-soil interface and increase the likelihood of uprooting (Putz et al., 1983) .
Furthermore, although large trees can damage many other trees when they fall, only 20% of the damaged trees in our study were likely to be killed by other trees. These results have direct implications for forest carbon storage. In some regions of Amazonia and in other tropical forests, trees >50 cm DBH can store 50%-75% of the total above-ground forest biomass (Dewalt, Schnitzer, Denslow, Schniizert, & Julie, 2009; Fauset et al., 2015) . Therefore, processes that preferentially kill large trees will have large impacts on forest carbon stocks. In our experimental area, the 30-min windstorm reduced above-ground forest biomass by 15%-31%. These reductions are comparable to the ones caused by low-intensity experimental fires conducted in the area between 2004 and 2010 (Brando et al., 2014) .
| Trees with lower wood density are more vulnerable to wind damage
We found that trees with lower wood density are more likely to be uprooted or snapped than trees with high wood density. This finding supports the notion that wood density is one of the most important predictors of tree susceptibility to wind damage (Canham et al., 2010; Putz et al., 1983; Ribeiro et al., 2016; Rifai et al., 2016) . Among the 19 most abundant genera in the study area, the one with the lowest average wood density (Tapirira) was damaged the most (Figure 1b) . In contrast, four of the five least affected genera (Chaetocarpus, Myrcia, Licania, and Mouriri) have relatively high wood densities (>0.8 g/cm). An exception to this pattern was Protium (Burseraceae), which has wood of intermediate density (0.61 g/cm) but was among the five least damaged genera in our study site (Figure 1b ). This genus was abundant only on the Control plot (89% of the total recorded Protium trees) and was represented mostly by small trees (10-15 cm DBH). Over the long term, as fires and fragmentation result in shifts in floristic composition towards communities with a high proportion of species with relatively lower wood densities (Laurance et al., 2006) , forest vulnerability to windstorms will likely increase.
| Edge-exposed trees are more vulnerable to wind damage
Our results reinforce that observed increases in mortality of Amazonian trees in forest fragments (Laurance, Delamônica, Laurance, Vasconcelos, & Lovejoy, 2000) might be due to increased wind-related mortality near forest edges. As wind gusts become more intense and frequent on the edges of open fields (Bull & Reynolds, 1968; Mahmood et al., 2014; Weaver & Avissar, 2001) ,
wind-caused tree mortality may contribute to observed replacement of slow-growing species with dense wood by species with opposing traits (Laurance et al., 2006) . This process seems to be underway in our study area, where the average wood density of trees >20 cm DBH was lower near the forest edge (0.61 ± 0.13 g/cm 3 ) compared to the forest interior (0.64 ± 0.14 g/cm 3 ).
| Damaged trees die first in previously burned areas
The 2012 windstorm damaged proportionately more trees in the burned plots, and a larger proportion subsequently died in these plots than in the Control plot. These findings indicate that windstorms not only damage more trees in burned areas but also substantially increase greenhouse gas emissions even if some of the trees resprout (Marra et al., 2014; Putz & Brokaw, 1989) . The observation that more of the wind-damaged trees in burned areas died 4 years after the windstorm also has relevant implications for forest flammability. This higher mortality creates more and larger canopy gaps, increases fuel loads, and can thereby increase the frequency and intensity of fires, thus leading to a positive feedback cycle.
| CON CLUS IONS
A windstorm damaged more trees and caused more biomass losses near the forest edge and in previously burned areas, which demonstrates the synergistic effects of natural and anthropogenic disturbances. We highlight that understorey fires can produce long-lasting effects on tropical forests not only by directly killing trees but also by increasing tree vulnerability to wind damage due to fire scars. At a regional scale, land-use and forest degradation are likely to increase forest vulnerability to wind disturbances, especially as ongoing climate changes are expected to increase the frequencies and intensities of windstorms. 
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